Orosomucoid like 3 (ORMDL3) has been strongly linked with asthma in genetic association studies, but its function in asthma is unknown. We demonstrate that in mice ORMDL3 is an allergen and cytokine (IL-4 or IL-13) inducible endoplasmic reticulum (ER) gene expressed predominantly in airway epithelial cells. Allergen challenge induces a 127-fold increase in ORMDL3 mRNA in bronchial epithelium in WT mice, with lesser 15-fold increases in ORMDL-2 and no changes in ORMDL-1. Studies of STAT-6-deficient mice demonstrated that ORMDL3 mRNA induction highly depends on STAT-6. Transfection of ORMDL3 in human bronchial epithelial cells in vitro induced expression of metalloproteases (MMP-9, ADAM-8), CC chemokines (CCL-20), CXC chemokines (IL-8, CXCL-10, CXCL-11), oligoadenylate synthetases (OAS) genes, and selectively activated activating transcription factor 6 (ATF6), an unfolded protein response (UPR) pathway transcription factor. siRNA knockdown of ATF-6α in lung epithelial cells inhibited expression of SERCA2b, which has been implicated in airway remodeling in asthma. In addition, transfection of ORMDL3 in lung epithelial cells activated ATF6α and induced SERCA2b. These studies provide evidence of the inducible nature of ORMDL3 ER expression in particular in bronchial epithelial cells and suggest an ER UPR pathway through which ORMDL3 may be linked to asthma.
macrophage | eosinophil M offatt et al. (1) were the first to report in 2007 a genomewide association study (GWAS) of asthma, which demonstrated that multiple markers on chromosome 17q21 (linked to the gene orosomucoid like 3; ORMDL3) were strongly and reproducibly associated with asthma in three different asthma cohorts. The identification of ORMDL3 as an asthma-associated gene has been confirmed in additional GWAS studies and in genetic association studies in populations of diverse ethnic backgrounds (2) (3) (4) . In addition to the association of ORMDL3 with asthma, it is also associated with childhood onset of asthma (1) and exposure of children with asthma to environmental tobacco smoke (2) . At present the function of ORMDL3 in the lung and in asthma is unknown.
ORMDL3 is one of the three-member ORDML gene family (ORMDL-1, ORMDL-2, and ORMDL3), which encode transmembrane proteins located at the endoplasmic reticulum (ER) (5) . ORMDL-1 (chromosome 2) (5) and ORMDL-2 (chromosome 12) (5) are on different chromosomes from ORMDL3 (chromosome 17) (5) and have not been linked to asthma. Both humans and mice express the same three ORMDL family members with ORMDL3 exhibiting 96% identity between mouse and man (5). ORMDL3 is a 153-aa protein with two predicted transmembrane domains (5) . In limited studies of ORMDL3 expression in normal human fetal and adult tissue, mRNA transcripts of ORMDL3 have been detected in lung, and in several other organs (liver, pancreas, and kidney), but not skeletal muscle, heart, or brain as assessed by nonquantitative RT-PCR (1, 5) . In yeast, double knockouts of two ORM genes (ORM-1 and ORM-2 proteins, the yeast equivalent of ORMDL-1 and ORMDL-2) results in slower growth of the ORM mutant yeast and sensitivity to toxic compounds that can be rescued by transfection of human ORMDL3 (5). At present there are no studies in lung cells to provide insight into the pathways regulated by ORMDL3 that could influence lung function, but recent studies in yeast (Saccharomyces cerevisiae) have identified that ORM1/2 proteins in the ER are negative regulators of sphingolipid synthesis (6) .
At present no studies have reported whether lung cells express ORMDL3 and what pathways it might regulate in the lung after allergen exposure. We have made the unique observation that ORMDL3 is an allergen (and Th2 cytokine) inducible STAT-6-dependent gene expressed in the lung, in particular in airway epithelial cells. In addition, we demonstrate that transfection of ORMDL3 into normal human lung bronchial epithelial cells induces expression of genes with potential importance to the pathogenesis of asthma including metalloproteases (MMP-9 and ADAM-8) (7-11), CC chemokines (CCL-20 also known as MIP-3α) (12) (13) (14) (15) , CXC chemokines (IL-8 and CXCL-10) (16) (17) (18) (19) (20) (21) , and oligoadenylate synthetases (OAS) anti-viral regulated genes not previously implicated in asthma. Finally, we demonstrate that ORMDL3 transfection in lung epithelial cells activates the ATF6 pathway, one of three branches of the ER localized unfolded protein response (22, 23) , whereas siRNA knockdown of ATF-6 in lung epithelial cells inhibited expression of SERCA2b (sarco/ endoplasmic reticulum Ca 2+ ATPase), which has been implicated in remodeling in asthma (24) . The ORMDL3 activation of ATF6 (with induction of SERCA2b), and the ORMDL3 induction of metalloproteases and chemokines, provides a mechanism to link an ER localized protein such as ORMDL3 to the pathogenesis of asthma.
Results

ORMDL3 Is an Allergen Inducible Gene in Mouse Airways in Vivo.
Although ORMDL3 mRNA is constitutively expressed in the lungs of WT mice at baseline, there is a significant induction of ORMDL3 mRNA expression in the lung after OVA allergen challenge as assessed by quantitative PCR (qPCR) (Fig. 1A) . The increased ORMDL3 mRNA expression we detected could be due to either increased numbers of cells expressing the same amount of ORMDL3 mRNA recruited to the allergen-challenged lung and/or up-regulation of ORMDL3 mRNA expression in individual cell types. To address this question, we performed in vitro studies with a lung epithelial cell line (A549) (Fig. 1B) and a mouse macrophage cell line (RAW 264.7) (Fig.  1C) , which demonstrated that levels of ORMDL3 can be upregulated in A549 epithelial cells (incubated with tobacco smoke containing media, because exposure to tobacco smoke has been linked to ORMDL3 and asthma) (2) , and RAW 264.7 macrophages (stimulated with LPS) as assessed by qPCR. Alternaria allergen challenge induced a 127-fold increase in levels of expression of ORMDL3 mRNA (P < 0.01 Alt vs. naïve). Levels of ORMDL-1 did not change, whereas levels of ORMDL-2 increased (P < 0.05 Alt vs. naïve), but less than that noted with ORMDL3 (Alt ORMDL3 vs. Alt ORMDL-2; P < 0.05). Results are from three separate experiments with four mice per group. Double-label immunofluorescence microscopy (E-J) and double-label confocal immunofluorescence microscopy (H-J) was performed on human lung epithelial cells (A549) with an anti-ORMDL Ab and an anti-calreticulin Ab (detects ER). (K) Lung sections from non-OVA challenged WT mice have low levels of ORMDL immunostaining. In contrast, lung sections from OVA challenged WT mice (L) have increased ORMDL immunostaining particularly in airway epithelium and in peribronchial mononuclear cells as quantified (M) by light microscopy and image analysis (P < 0.005 vs. no OVA). Lungs from collagen 1 GFP reporter mice (N) have fibroblasts that fluoresce green but do not colocalize with the anti-ORMDL Ab (red). (O) Lungs from α-smooth muscle actin RFP reporter mice have smooth muscle that fluoresce red but does not colocalize with the anti-ORMDL Ab (green; white arrowheads points to green ORMDL+ cell, likely macrophage). RNA was extracted from either (P) BAL macrophages, (Q) bone marrow derived eosinophils, or (R) peripheral blood neutrophils. qPCR for ORMDL1, 2, 3 was normalized to the housekeeping gene GAPDH. ORMDL3 is significantly induced in BAL macrophages (P < 0.05, No Alternaria vs. Alternaria) (P), but not in neutrophils (R). Bone marrow eosinophils (Q) express higher levels of ORMDL3 compared to ORMDL2 or ORMDL1 (P < 0.05). qPCR results are from two separate experiments with four mice per group.
WT Mouse Bronchial Epithelial Cells Up-Regulate ORMDL3 mRNA Expression in Vivo After Allergen Challenge. Because our in vitro studies demonstrated that ORMDL3 mRNA could be regulated in A549 lung epithelial cells in vitro, we examined whether in vivo primary bronchial epithelial cells derived from WT mice challenged with allergen-expressed ORMDL3 mRNA as assessed by qPCR. To obtain purified populations of bronchial epithelial cells, we used a bronchial brushing technique previously described in this laboratory that results in a >95% pure population of epithelial cells as assessed by expression of the epithelial specific gene Ecadherin (25) . These studies demonstrated that there was a significant 127-fold induction of ORMDL3 mRNA in bronchial epithelial cells in vivo in WT mice challenged with Alternaria allergen (Fig. 1D) . In contrast to the significant induction of ORMDL3 mRNA in bronchial epithelial cells by allergen challenge, ORMDL-1 mRNA was not induced in bronchial epithelial cells, and the induction of ORMDL-2 mRNA was ∼15% that of ORMDL3 mRNA (Fig. 1D) . Thus, ORMDL3 mRNA is the predominant ORMDL family member induced in bronchial epithelium after allergen challenge.
WT Mouse Bronchial Epithelial Cells Up-Regulate ORMDL Protein
Expression in Vivo After Allergen Challenge. To determine which lung cells express ORMDL proteins, we generated a rabbit polyclonal Ab that detects ORMDL3 of expected molecular weight on Western blot (Fig. S1 ). To determine whether this anti-ORMDL Ab detected all three closely related ORMDL family members (ORMDL-1, ORMDL-2, and ORMDL3), we used HEK 293 cells transfected with either ORMDL-1, -2, or -3 and performed Western blots with the respective cell lysates by using the polyclonal anti-ORMDL Ab we generated, and a second commercially obtained polyclonal anti-ORMDL3 Ab (Abgent). The anti-ORMDL Abs recognized all three ORMDL members equivalently (Fig. S1) , and, therefore, cannot be used to distinguish expression of individual ORMDL family members that are >80% identical at the amino acid level (5) . Preincubating the anti-ORMDL Ab with an ORMDL3 peptide before performing the Western blot inhibited detection of ORMDL3 and ORMDL-1, or ORMDL-2 ( Fig. S1 ). We therefore refer to these Abs as anti-ORMDL Abs in studies using these Abs. We performed double-label immunofluorescence microscopy with an anti-calreticulin Ab (an ER marker), which demonstrated that ORMDL was colocalized with calreticulin in the ER in lung A549 epithelial cells (Fig. 1 E-G) . Reconstruction of 3D images of confocal microscopy confirmed colocalization of ORMDL and calreticulin in the ER (Fig. 1 H-J) .
Although the anti-ORMDL Ab was not specific for individual ORMDL family members, when used in immunohistochemistry experiments, it demonstrated that not all lung cells expressed equivalent levels of ORMDL proteins. For example, airway epithelial cells were the predominant cell type in the lung that expressed ORMDL after allergen challenge as assessed by IHC ( Fig. 1 K-M) . Non-OVA challenged WT mice expressed low levels of ORMDL in the lung as assessed by IHC (Fig. 1K) . However, ORMDL was significantly up-regulated in airway epithelium in OVA-challenged WT mice (Fig. 1L) . Levels of ORMDL immunostaining in airway epithelium quantitated by image analysis demonstrated significantly higher levels in OVAchallenged WT mice (P < 0.05 vs. non-OVA) (Fig. 1M) . ORMDL was not detected in structural cells such as lung fibroblasts (collagen-1 GFP reporter mice) (Fig. 1N) or lung smooth muscle (alpha smooth muscle actin RFP reporter mice) (Fig. 1O) .
To determine whether ORMDL expression was induced in lung cell types important to allergic inflammation, we performed FACS analysis on single-cell suspensions of lung cells (gated to detect either epithelium, macrophages, eosinophils, or neutrophils) before and after Alternaria challenge. These FACS studies demonstrated that all these cell types expressed baseline ORMDL (Fig. S2) . However, inducible ORMDL was detected by FACS in lung epithelium (Fig. S2A ), lung macrophages (Fig.  S2B) , and lung eosinophils (Fig. S2C) , but not lung neutrophils (Fig. S2D) . Because inducible ORMDL was detected in epithelium, macrophages, and eosinophils, but not neutrophils, we examined levels of ORMDL family member mRNA expression in purified populations of these cell types. ORMDL3 mRNA was the predominant ORMDL family member induced in bronchial epithelium (Fig. 1D ) and BAL macrophages (Fig. 1P ). In contrast, the predominant ORMDL family member expressed by peripheral blood neutrophils was ORMDL-2 ( Fig. 1R) , whereas in the case of bone marrow-derived eosinophils, ORMDL3 was predominant (Fig. 1Q ).
Th2 Cytokines IL-4 and IL-13 Induce Expression of ORMDL3 mRNA in Bronchial Epithelium in Vivo. Because allergen challenge induced expression of ORMDL3 mRNA in bronchial epithelium (Fig.  1D) , we examined whether administration of individual cytokines known to be expressed after allergen challenge (IL-4, IL-13, TNF-α), and known to have receptors on airway epithelium, could induce expression of ORMDL3. These studies demonstrated that in vivo administration of either IL-4 or IL-13 intranasally could induce significant expression of ORMDL3 mRNA in WT bronchial epithelium as assessed by qPCR (Fig. S3A) . In contrast, administration of TNF-α did not induce expression of ORMDL3 (Fig.  S3A) . Studies using IHC demonstrated that IL-4, and IL-13, but not TNF-α, induced significant epithelial ORMDL expression in WT mice (Fig. S3B) . IL-4, IL-13, and TNF-α did not induce ORMDL-1 or ORMDL-2 mRNA (Fig. S3A ).
Allergen Induction of ORMDL3 in Airway Epithelium Depends on STAT-6 and Is Independent of NF-κB. Because IL-4 and IL-13 signal through the transcription factor STAT-6 (25), whereas TNF signals through NF-κB (26), we examined whether allergen induction of ORMDL3 in airway epithelium depended on STAT6 rather than NF-κB. In studies of bronchial epithelial cells derived by bronchial brushing, levels of ORMDL3 mRNA expression were significantly reduced in STAT6-deficient mice compared with WT mice challenged with Alternaria (Fig. S3C) . Levels of ORMDL-1 were not increased in WT or STAT6-deficient mice, whereas the low levels of ORMDL-2 induced in WT mice depended on STAT6 for induction (Fig. S3C) .
We also used IHC to examine ORMDL expression in STAT-6 bone marrow chimeric mice (25) (Fig. S3 D-G) . WT (Fig. S3D ) and STAT-6 chimeric mice (with STAT-6 expressed in airway epithelium but not in bone marrow cells) (Fig. S3E) had significant increased levels of ORMDL expression in airway epithelium after allergen challenge. In contrast, STAT-6 chimeric mice (with STAT-6 expressed in bone marrow cells, but not expressed in airway epithelium) had significantly reduced ORMDL expression in airway epithelium after allergen challenge (Fig. S3 F and G) . Studies in CC10-Cre tg /Ikkβ Δ/Δ mice in which NF-κB signaling through IκB-kinase-β (IKK-β) is selective ablated in airway epithelial cells (26) demonstrated that CC10-Cre tg /Ikkβ Δ/Δ and WT mice expressed similar levels of ORMDL as assessed by IHC after allergen challenge (Fig. S3 H-J) , indicating that inducible ORMDL in airway epithelium was not regulated by NF-κB.
To determine whether STAT-6 directly or indirectly regulates ORMDL3 expression, we analyzed the predicted promoter region of ORMDL3 to identify potential STAT6 transcription factor binding sites immediately 5′ of the transcriptional start site by using the published ORMDL3 sequence (27) in conjunction with TFSEARCH (www.cbrc.jp/research/db/TFSEARCH.html) and Genomatix (www.genomatix.de/en/index.html), but we did not identify a STAT6 binding site. We extended this bioinformatic analyses on up to 4,000 bp 5′ of the transcriptional start site by using these programs as well as TESS (www.cbil. upenn.edu/cgi-bin/tess/tess) and the University of California, Santa Cruz genome browser. Although a large number of binding sites were identified consistent with potential regulatory sequence, we did not identify any STAT6 binding sites in this sequence. These studies suggest that STAT6 is not directly regulating ORMDL3 expression, but rather influencing ORMDL3 expression indirectly. STAT6 is known to regulate the expression of at least 452 known genes (28), one or more of which could potentially be regulating ORMDL3 expression.
Transfection of ORMDL3 in Primary Normal Human Bronchial Epithelial
Cells in Vitro Induces Metalloproteases, Chemokines, and OAS Genes.
Because our in vivo studies demonstrated that ORMDL3 was an inducible gene in airway epithelium after allergen or Th2 cytokine challenge, we examined whether ORMDL3 regulated expression of metalloproteases, chemokines, and OAS antiviral genes important to allergic inflammation, remodeling, and antiviral responses expressed by primary normal human bronchial epithelial cells. Primary normal human bronchial epithelial cells were efficiently transfected with either a full-length ORMDL3 cDNA containing a terminal GFP tag, or as a negative control the empty vector containing the GFP tag. The transfection efficiency was ∼72% (Fig. 2A) .
Using qPCR, we observed that the primary normal human bronchial epithelial cells transfected with ORMDL3 but not the empty vector control expressed a gene signature characterized by high levels of expression of metalloproteases (MMP-9, ADAM-8), CC chemokines (CCL-20), CXC chemokines (IL-8, CXCL-10, CXCL-11), and OAS regulated genes (Fig. 2 B-D) . In addition, we demonstrated by IHC that several of these ORMDL3 regulated genes were expressed in WT mice after allergen challenge ( Fig. 2 E and F) . Because ORMDL3 is an ER protein, we examined whether transfection of ORMDL3 into human airway epithelial cells (A549 cells) activated ATF6, a signaling branch of the ER localized unfolded protein response, whose target genes in mice include SERCA-2 (23), a gene implicated in airway remodeling in asthma (24) . In addition, ATF6 regulates expression of IL-6 (23), a cytokine we detected at increased levels in human subjects with asthma (29) and which has also been implicated in mouse models of asthma (30) .
ORMDL3 transfection into A549 airway epithelial cells activated ATF6 as assessed by immunoflurescence microscopy detection of increased nuclear localized ATF6 (Fig. 3A) . Furthermore, activity of the nuclear localized ATF6 was detected by a unfolded protein response (UPR) reporter assay containing the ER stress element (ERSE) derived from the GRP78/BiP promoter fused to luciferase (Fig. 3B) . Transfection of ORMDL3 selectively activated ATF6 but not the PERK or Ire1 pathways of the UPR (Fig. 3C) . Neither transfection of control empty vector (Fig. 3 A-C) , nor transfection of another ER resident gene Sec61α-GFP into A549 lung epithelial cells (Fig. S4) , activated any of the three UPR branches.
siRNA Knockdown of ATF-6α in A549 Human Lung Epithelial Cells Inhibits Expression of SERCA2b. Because our in vitro studies demonstrated that ORMDL3 activated the ATF6α pathway, which is known to activate SERCA-2 in mice (23), we examined whether siRNA knockdown of ATF-6α in human lung epithelial cells (A549) inhibited expression of SERCA2b. These studies demonstrated that siRNA knockdown of ATF-6α was efficient in A549 lung cells (Fig. 3D) , and that this knockdown resulted in significant inhibition of SERCA2b expression as assessed by qPCR (Fig. 3E) and Western blot (Fig. 3F) .
Transfection of ORMDL3 in A549 Epithelial Cells Induces Expression of SERCA2b. Transfection of ORMDL3 in A549 epithelial cells induced expression of SERCA2b as assessed by qPCR (Fig. 3G ) and Western blot (Fig. 3H) .
Discussion
In this study we demonstrate that ORMDL3 is an inducible bronchial epithelial gene regulating pathways of potential importance to asthma including expression of metalloproteases (MMP-9, ADAM-8), CC chemokines (CCL-20), CXC chemokines (IL-8, CXCL-10, CXCL-11), OAS genes, and SERCA2b a gene implicated in airway remodeling in asthma (24) . Induction of ORMDL3 in lung epithelium depends on Th2 cytokines, STAT-6, and selectively activates ATF6, an UPR pathway transcription factor. The link between lung epithelial ORMDL3, ATF-6, and SERCA2b expression was demonstrated in studies in which transfection of ORMDL3-induced activation of ATF6 and expression of SERCA2b, whereas knockdown of ATF6α inhibited SERCA2b expression. These studies provide an ER localized mechanism for ORMDL3 to interact with ATF6 to modulate levels of SERCA2b in lung epithelium. These studies provide evidence of the Th2 cytokine inducible nature of ORMDL3 ER expression in bronchial epithelial cells in the lung and suggest ATF-6α-dependent (Serca 2b) and ATF-6α-independent pathways (metalloproteases, chemokines, OAS) through which ER localized ORMDL3 may be linked to asthma.
Transfection of ORMDL3 into primary human lung bronchial epithelial cells induced increased expression of genes with potential importance to asthma including metalloproteases (MMP-9, ADAM-8) (7-11), CC chemokines (CCL-20) (12) (13) (14) (15) , and CXC chemokines (IL-8, CXC-10) (16-21), suggesting potential downstream pathways from ORMDL3 pertinent to the pathogenesis of asthma. The importance of these ORMDL3-regulated genes to asthma is suggested from studies demonstrating increased expression of many of these mediators in the airways of human asthmatics (MMP-9, ADAM-8, CCL-20, CXCL-10, IL-8) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , induction of these mediators by allergen inhalation in asthmatics (MMP-9, CCL-20, CXCL-10) (7, 12, 19) , and inhibition of asthma outcomes in mice deficient in these genes (MMP-9, ADAM-8, CXCL-10) (8, 9, 11, 20, 21) . In addition to the important role of CCL-20 on T-cell recruitment (12) , and epithelial mucus production (14) , in mouse models of asthma, there is a critical link between CCL-20 and TRAIL for Th2 cell activation and allergic airway inflammation (15) . Although asthma has predominantly been associated with expression of CC chemokines, both CC and CXC chemokines have been linked to asthma in studies in humans with asthma (12, 13, (16) (17) (18) (19) , and in studies in animal models (13, 20, 21) (i.e., CXCL-10 KO have significant reduction in Th2-type allergic airway inflammation and AHR) (20) . In addition to identifying genes linked to asthma, the transfection of ORMDL3 into human bronchial epithelial cells also induced expression of OAS genes (31), a pathway not previously linked to ORMDL3. OAS proteins are pattern recognition receptors for the viral pattern associated molecular pattern, double-stranded RNA. In humans, the OAS gene family has three enzymatically active copies, OAS-1, OAS-2, and OAS-3 (31), all of which were significantly up-regulated in human lung epithelial cell transfected with ORMDL3. OAS catalyze the polymerization of ATP into 2′-5′-linked oligoadenylates, which activate a constitutively expressed latent endonuclease, RNaseL, to block viral replication at the level of mRNA degradation. OAS-1 is up-regulated by a wide range of viruses and has been shown to play an antiviral role during viral infections including in studies with the asthma associated virus RSV (32) . At present it is not known how up-regulation of the OAS pathway by ORMDL3 may influence asthma outcomes. One possibility is that the induction of the OAS pathway may be a protective antiviral pathway in asthma inhibiting viral triggered exacerbations. Alternatively, OAS through up-regulation of IFN pathways may bias immune responses against the development of Th2 responses.
Because we demonstrated that ORMDL3 is an ER-inducible protein, we also examined whether ORMDL3 influenced the function of the ER. In addition to influencing protein folding, the ER responds to the accumulation of unfolded proteins in its lumen or disruption of ER functional capacity (collectively termed ER stress) by activating intracellular signal transduction pathways called the UPR (22) . Together at least three mechanistically distinct arms of the UPR (IRE1, PERK, ATF6) regulate the expression of numerous genes that function within the ER secretory pathway but also affect broad aspects of cell fate and metabolism of proteins, amino acids, and lipids (22) . In this study, we have made the observation that the ATF6 pathway of the UPR is selectively activated by ORMDL3. ATF6 (consisting of the closely related ATF6α and ATF6β in mammals) (23) is a transcription factor known to regulate genes involved in protein folding (22) . Interestingly, our studies demonstrate that ATF6α regulates expression of SERCA2b, which has been implicated in airway remodeling in asthma (24) . In addition, in mice ATF6 regulates expression of IL-6, a cytokine we detected at increased levels in human subjects with asthma (29) and which has also been implicated in mouse models of asthma (30) . Prior studies of ORMDL3 in ER signaling using HEK 293 cells (human embryonic kidney cells transformed with adenovirus) have investigated the role of ER pathways (IRE1, PERK) other than ATF6 and suggested that the main impact of ORMDL3 is on the PERK/eIF2α pathway (33) . These studies also demonstrated that ORMDL3 interacted with SERCA-2 and inhibited its function (33) . Our results may differ from these studies because we examined the ER ATF6 pathway (not examined in prior study) (33) and used cell types pertinent to ORMDL3 expression in asthma (airway epithelium rather than transformed embryonic kidney fibroblasts used in prior study).
One of the limitations of this study is the inability of the two anti-ORMDL Abs used for FACS and IHC to distinguish between ORMDL3 and the closely related ORMDL-1 and ORMDL-2, which share significant amino acid identity (5) . Nevertheless, the FACS and IHC studies using these Abs demonstrate that ORMDL is induced in WT mice bronchial epithelium after allergen challenge. When the results of the FACS and IHC studies of ORMDL expression are coupled with results examining ORMDL-1, ORMDL-2, and ORMDL3 mRNA expression in these cell types, it strongly suggests that allergen challenge is predominantly inducing ORMDL3. For example, allergen challenge in WT mice resulted in a 127-fold induction of ORMDL3 mRNA by bronchial epithelial cells in vivo, with no induction of ORMDL-1, and only minimal induction of ORMDL-2 mRNA. In addition to lung epithelial cells, lung macrophages and lung eosinophils expressed both constitutive and inducible ORMDL. In contrast, lung neutrophils expressed constitutive ORMDL, which was not inducible with allergen challenge. Based on qPCR studies, ORMDL-2 was the predominant family member expressed by neutrophils. Studies with STAT6-deficient mice demonstrated that the induction of ORMDL3 mRNA in airway epithelial cells in vivo depended on STAT6. Interpreting our STAT6 chimera studies in conjunction with the available ORMDL3 promoter bioinformatic database suggest that STAT6 is not directly regulating ORMDL3 expression (no STAT6-binding sites identified in promoter region of ORMDL3) but rather that a resident lung cell expresses a STAT6-dependent mediator that is regulating ORMDL3 expression. Potential candidate lung cells that express STAT6 and may generate a mediator regulating ORMDL3 include epithelial and/or non-epithelial cells (T cells, B cells, mast cells, macrophages, and natural helper cells). STAT6 is known to regulate the expression of at least 452 known genes (28), one or more of which could potentially be regulating ORMDL3 expression and will require further study.
In summary, these studies provide evidence of the allergen, Th2 cytokine, and STAT6-dependent inducible nature of ORMDL3 expression in airway epithelium in the lung. In addition, we demonstrated that ORMDL3 selectively regulates activation of the ER localized transcription factor ATF6α signaling branch, a pathway we have demonstrated in human lung epithelial cells is linked to SERCA-2b, which is implicated in airway remodeling in asthma (24) . Finally, our studies demonstrate that ORMDL3 activates several metalloprotease, chemokine, and OAS-regulated genes, several of whom have also been implicated in the pathogenesis of asthma (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Overall, these studies provide evidence for a mechanism to link an ER localized protein such as ORMDL3 to the pathogenesis of asthma.
Materials and Methods
Mouse Model of Allergen-Induced Asthma. The mouse models of acute OVA, Alternaria, and Th2 cytokine administration induced eosinophilic airway inflammation in WT and mutant mice have been described and are detailed in the SI Materials and Methods.
Detection of ORMDL3 mRNA and ORMDL Protein. The methods for qPCR, IHC, immunofluorescence microscopy, confocal microscopy, FACS, transfection, and siRNA knockdown have been described and are detailed in SI Materials and Methods.
UPR. The methods for investigation of activation of ATF6, Ire1, or PERK UPR pathways have been described and are detailed in SI Materials and Methods.
Statistical Analysis. All results are presented as mean ± SEM. A statistical software package (GraphPad Prism) was used for the analysis. P values of < 0.05 were considered statistically significant.
